Introduction

47
SPAK (SPS1-related proline/alanine-rich kinase) and OSR1 (oxi-48 dative stress response 1 kinase) are members of the Ste20-related 49 family of protein kinases (Dan et al., 2001; Delpire, 2009) . They 50 modulate the activity of cation-chloride cotransporters (Gagnon 51 et al., 2006; Grimm et al., 2012; Lin et al., 2011; McCormick 52 et al., 2011; Rafiqi et al., 2010) , which are involved ion secretion 53 (Kurihara et al., 2002; Matthews et al., 1993) and reabsorption 54 (Gimenez and Forbush, 2005; Pacheco-Alvarez et al., 2006) Blaesse et al., 2009; Delpire, 2000; 57 Austin, 2010) , and cell volume maintenance and regulation in 58 many cells (Gagnon and Delpire, 2012) . Molecular studies have 59 demonstrated that kinase binding to the substrate is a pre-60 requisite for the function of SPAK and OSR1 (Gagnon et al., 2006;  61 Piechotta et al., 2003 Piechotta et al., , 2002 . The interaction between SPAK/OSR1 62 and substrates involves a $90 residue domain located at the C-ter-63 minal tail of the kinase and a short conserved peptide located 64 within the substrate (Piechotta et al., 2002) . Yeast 2-hybrid analy-65 ses indicated that the peptide needed to be nine residues long, at 66 least when located at the extreme C-terminus of the bait protein.
67
Amino acid alignment between the cytosolic N-terminal tails of 68 membrane transporters (related targets) revealed the preliminary 69 conserved sequence: Arg-Phe-Xaa-Val (Piechotta et al., 2002) . lowing a large yeast 2-hybrid screen that used the conserved car-71 boxyl-terminal domain of SPAK as bait (Piechotta et al., 2003) , tified some 170 proteins containing this expanded motif (Delpire 75 and Gagnon, 2007) . 76 The crystal structure of the $90 amino acid human OSR1 77 domain, which includes an embedded GRFQVT hexapeptide from 78 human WNK4, was resolved at 1.95 Å (PDB ID: 2v3s, (Villa et al., 79 2007)). This domain, which was termed conserved carboxyl-termi-80 nal (CCT) (Villa et al., 2007) or protein fold 2 (PF2) (Lee et al., 2009), 81 is represented in Fig. 1 (Delpire and Gagnon, 2008; Gagnon and Delpire, 2012 The regulatory domain of mouse SPAK (residues 353-556) 165 fused to the GAL4 activating domain in pACT2 was originally iso-166 lated from a Clontech mouse brain library (Piechotta et al., 2002) .
167
The clone was re-transformed into PJ69-4A cells (James et al., and Phe, respectively. Similar to its reweighted total score, all of Step 1: The GRFQVT peptide complexed in WNK4 was initially removed from the crystal structure (2v3s) and docked back into the hydrophobic pocket of the OSR1 CCT/PF2 domain along with 114 hexapeptide variants (point mutations at every position with the other 19 canonical amino acid residues). One thousand models were created using Rosetta FlexPepDock for each peptide and the top 10 models from each of the 1000 runs were averaged for analysis.
Step 2: The Rosetta design application was used to produce 1000 whole hexapeptide mutants based on binding of the individual residues of the wild-type hexapeptide to the CCT/ PF2 domain. FlexPepDock was then employed and binding energies of the complexes were calculated. The top 100 models were analyzed.
the hexapeptides with point mutations at the first position bound There is only a sub-angstrom all-atom difference between the model and the crystal structure. The Root Mean Sq
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uare Deviation (RMSD) value, given in Angstrom, provides the smallest distance between the modeled peptide (or residue) to the original position in the crystal structure. The free energy of binding (ddG) value, given in Rosetta energy units, provides a measure of binding affinity of a substrate to its receptor. (Raveh et al., 2010) . Upon further analysis, all hexapep-296 tide residues in this model had a RMSD of <0.3 Å with the excep-297 tion of glycine (Fig. 3B, Table 1 ), which is most likely a result of 298 its lack of affinity to the binding pocket as represented by its trivial 299 contribution to the peptide binding energy (Table 1) . 300 We then mutated the hexapeptide by two different computa-301 tional algorithms and complexed these novel substrates with the 302 CCT domain in order to access their binding energies. In the hexa-303 peptides that were altered using the Rosetta design protocol, the 304 Arg, Phe, and Val at positions 2, 3, and 5, respectively, were con-305 served 97%, 98%, and 98% of the time, respectively (Fig. 6 ). These 306 conserved residues correspond to the amino acids with the lowest 307 reweighted total scores in the point mutation portion of this experiment (Fig. 4) . This is an important correlation since the 309 design protocol evaluates the relative favorability of the trans-310 formed sequence based on its energy score compared to the previ-311 ous model (Kuhlman and Baker, 2000) . Since, on average, the total Fig. 8B . This mutation increases both the overall 328 Rosetta energy (Fig. 4) and the hexapeptide binding energy 329 (Fig. 5) . Likewise, altering the native Arg to a His destabilizes the 330 complex through disruption of these important interactions, which 331 is a consequence of increased distances between the side groups 332 and decreased polarity of histidine's substituent (Fig. 8C) . Although 333 these two point mutants result in a lower receptor affinity, these 334 differences are small relative to the wild-type peptide ( (Fig. 7) while the Lys mutant has already been 338 shown to produce a positive yeast two-hybrid interaction 339 (Piechotta et al., 2002) . Of note, protonating histidine's side chain 340 as a means of increasing its positive charge slightly worsens its 341 predicted binding energy, most likely resulting from a conforma-342 tional change within the binding pocket (Fig. 8D) . Lastly, the Trp 343 variant also appears to favorably bind to the receptor (Fig. 5) . (Fig. 4) , leading to residue replacement in the hexapeptide 389 design. These computationally favorable variants were confirmed 390 via yeast two-hybrid screening. The most prevalent designed hex-391 apeptide, TRFDVT (Fig. 6) , promoted yeast survival (Fig. 7) . In addi-392 tion, the mutant with the highest binding affinities at positions 1 393 and 4, FRFEVT (Fig. 5) , also produced a positive yeast interaction 394 (Fig. 7) . 395 In order to assess its effects on binding, the Thr at position 6 396 was mutated into a phosphorylated Thr. As expected, this destabi- All motifs searched excluded ''P'' or ''C'' at positions 1, 4, and 6.
